Carbocatalysts, which are catalytically-active materials derived from carbon-rich sources, are attractive alternatives to metal-based analogs. Graphene oxide is a prototypical example and has been successfully employed in a broad range of synthetic transformations. However, its use is accompanied by a number of practical and fundamental drawbacks. For example, graphene oxide undergoes explosive decomposition when subjected to elevated temperatures or microwaves. We found that asphaltene oxide, an oxidized collection of polycyclic aromatic hydrocarbons that are often discarded from petroleum refining processes, effectively overcomes the drawbacks of using graphene oxide in synthetic chemistry and constitutes a new class of carbocatalysts. Here we show that asphaltene oxide may be used to promote a broad range of transformations, including Claisen-Schmidt condensations, C-C cross-couplings, and Fischer indole syntheses, as well as chemical reactions which benefit from the use of microwave reactors.
T he burgeoning field of carbocatalysis 1 , defined as transformations that are promoted by materials composed primarily of carbon, offers a number of attractive features, particularly when compared to metal-based analogs. For example, carbocatalysts often are comparatively inexpensive, require less laborious workup procedures due to their heterogeneous nature, and exhibit relatively low degrees of toxicity without sacrificing activity and/or reactivity. While charcoal 2 , carbon nanotubes (CNTs) 3 , and buckminsterfullerene (C 60 ) 4 (see Fig. 1 ), have historically found utility in select reactions, the field experienced rapid growth after it was discovered that the high chemical potential of graphene oxide (GO) may be harnessed to drive synthetic transformations. Indeed, GO has been shown to facilitate oxidations 5 , reductions 6 , C-C cross couplings 7, 8 , and many other useful chemical reactions 9 . The broad reactivity displayed by GO is due, in part, to the myriad of different oxygen containing functional groups that populate its surface coupled with a relatively high acidity (pH 3.0 at 1.0 mg mL −1 in water) 10 .
Despite these advantages, GO and other carbocatalysts suffer from a number of fundamental and practical drawbacks. Because GO is a berthollide and features (i) myriad oxygen-containing functional groups, (ii) a range of surface areas that depend in part on the extent of exfoliation, and/or (iii) indeterminate edge and basal structures, the origin(s) of the catalytic activities remain largely unknown. GO has also been found to undergo rapid decomposition when exposed to elevated temperatures, light, or microwaves, presumably due to its relatively high oxygen content (the C/O ratio of GO is typically~2) 11 .
We posited that solutions to the drawbacks described above may be realized through the discovery of new carbon precursors derived from asphaltene, a residual material comprised of the heavier, aromatic components of crude oil 12 . Due to potential benefits that include enhanced production efficiency, lower transportation costs, and higher fuel quality, efforts toward the study of asphaltene have focused primarily on methods that facilitate extraction and removal during oil refining processes 13 . Because it is a mixture of various aromatic structures, asphaltene is typically classified in terms of its solubility in toluene and not by its chemical structure 14 . However, recent results using atomic force microscopy (AFM), have clarified the components of asphaltene 15 to be mixtures of polycyclic aromatic hydrocarbons (PAHs). Since the truncated structures that were observed are comparable to 2D carbons, asphaltene was termed 'nanographene' and thus was envisioned to serve as a small molecular model of graphite/graphene.
Previous reports of oxidizing asphaltene to facilitate its separation from crude oil 14 or to reduce bitumen viscosity 16 have shown that treatment with potassium permanganate 14 or ozone 16 resulted in increased hydrophilicity, which ultimately facilitated precipitation from oil. We hypothesized that such oxidized derivatives of asphaltene, termed asphaltene oxide (AO), may function as economically viable catalysts due to the low cost of the precursor while providing insights into the intrinsic chemistry displayed by GO and other carbocatalysts 17 . Moreover, we reasoned that the relatively small size of AO may not only facilitate the elucidation of the catalytically active sites on other oxidized carbons but also accelerate expansion of the field of carbocatalysis.
Herein, we report the synthesis of AO and describe the utility of this material in various transformations. We also provide new insight to the origins of the activities displayed by GO, an area of intense interest, and demonstrate how AO may be used in applications that are inaccessible to other carbocatalysts. 
Results
Synthesis of asphaltene oxide. Our initial efforts were directed toward synthesizing AO using Hummers' method 18 , which is commonly used to oxidize graphite to GO. Asphaltene was treated with a 1:4.3 w/w mixture of sulfuric acid and potassium permanganate at 35°C for 3 h, and then washed with an aqueous solution of HCl (1.0 M) followed by deionized water to extract heavy metal impurities (e.g., vanadium and nickel) 19 . The resulting product featured a relatively high oxygen content (~13.1 wt%; c.f., a~1.4 wt% oxygen content that was measured for the starting material), as determined using elemental analysis (see Supplementary Table 1) , as well as strong IR absorption bands that were assigned to hydroxyl (ν O-H = 3400 cm −1 ), carbonyl (ν C=O = 1700 cm −1 ), and epoxide (ν C-O = 1220 and 1160 cm −1 ) stretching frequencies (see Fig. 2a ). X-ray photoelectron spectroscopy (XPS) survey spectra also showed that the oxygen content of AO was significantly higher than that of the asphaltene starting material and signals consistent with the aforementioned structural assignments were observed (see Fig. 2b , c).
To quantify the functional groups present on AO, a series of chemical tests were devised. As summarized in Fig. 3 , the reagents utilized were designed to preferentially react with either the resident carboxylic acid, hydroxy or epoxide groups, and contained nitrile handles to facilitate characterization via IR spectroscopy and elemental analysis ( Supplementary Figs. 1-2 ). For example, treatment of AO with 3-cyanobenzyl alcohol under Steglich esterification conditions 20 afforded the corresponding ester derivative as determined in part by the observation of a bathochromic shift of the carbonyl stretching frequency (ν C=O , from 1700 cm −1 to 1650 cm −1 ) and the appearance of a new signal that was assigned to a nitrile group (ν C≡N = 2225 cm −1 ). The corresponding carbamate derivative was obtained by condensing AO with 3-cyanophenyl isocyanate. The intensity of the hydroxyl stretching frequency (ν O-H = 3400 cm −1 ) measured in the AO starting material decreased as new, strong signals that were assigned to nitrile (ν C≡N = 2225 cm −1 ), amido (ν Ν−Η = 3070 cm −1 ) and carbamyl (ν C=O = 1550 cm −1 ) groups formed. Finally, treatment of AO with malononitrile under basic conditions resulted in the ring-opening of the epoxide groups 21 , as evidenced in part by an increased intensity of a signal assigned to the hydroxyl groups (ν O-H = 3400 cm −1 ) and the disappearance of signals attributed to the epoxide groups (ν C-O = 1230 cm −1 ) in the AO starting material. The new product also exhibited a new ν C≡N at 2180 cm −1 . Using elemental analysis data recorded for the modified AOs, the constitutent functional groups were quantified and compared to those identified in GO, which were also determined by analyzing the compositions of derivatives that were obtained from an analogous set of chemical tests (see Table 1 ). The differences in accessible functional groups measured for AO and GO was attributed to the relative small size of the former and effectively explain why differential reactivities were observed (vide infra). Further support for this hypothesis was obtained by determining that the pH of a suspension of AO in water ([AO] 0 = 1.0 mg mL −1 ) was 3.5; for comparison, a pH of 3.0 was recorded when GO was subjected to otherwise identical conditions 22 .
Etherifications using AO. The conversion of alcohols to their corresponding aldehydes/ketones (oxidation) or ethers (condensation) often serve as benchmark transformations for carbocatalysts 5 . As such, our initial efforts were directed toward exploring the chemistry of AO with benzyl alcohol. A series of reactions were performed under neat conditions that included varying the catalyst loading (5-20 wt%) as well as the temperature (100-150°C). As summarized in Table 2 , AO preferentially facilitated condensations in lieu of oxidations. Indeed, benzyl alcohol was successfully converted to benzyl ether in yields of up to 82% using a 10 wt% loading of AO at 150°C for 3 h. Likewise, subjecting AO to a range of alcohols that featured different functional groups afforded the expected ethers (see Supplementary Table 5 ). While electron-rich substrates generally resulted in higher conversions than their electron-deficient analogs, an observation consistent with an acid-catalyzed process, the unique structure and composition exhibited by AO prominently affected the reaction. In accord with results reported for GO 23 heating mixtures of benzyl alcohol or electron-rich derivatives thereof to 200°C in the presence of AO afforded the corresponding poly (phenylene methylene)s in good yields (see Supplementary  Table 8 ) and established the carbon-material as a useful polymerization catalyst.
As part of an effort to identify the nature of the catalytically active acid sites in AO, a series of control reactions were performed. To test the hypothesis that the aforementioned condensation chemistry was promoted by an acid, benzyl alcohol was treated with AO in the presence of excess base (i.e., pyridine) 24, 25 . Product formation was not observed under these conditions, presumably due to neutralization, and thus reinforced the notion that the catalytically active sites were acidic. Since the elemental analysis data revealed that AO contained sulfur, it was reasoned that sulfonic acids may be present on the surface and contribute to the catalytic activity observed. To test this supposition, benzenesulfonic acid (pH 2.3 at 1.0 mg mL −1 in water), which was envisioned to represent sulfonic acid groups on AO, was introduced to benzyl alcohol under optimized reaction conditions. Benzyl ether was not observed as a product and, instead, a polymeric material was obtained. An analogous etherification reaction performed with mellitic acid, a discrete organic acid (pH 2.4 at 1.0 mg mL −1 in water) with a relatively large C/O ratio (1:1), also did not afford benzyl ether as a product. Although vanadium (ca. 50 ppm) and nickel (ca. 30-200 ppm) were detected in AO using inductively coupled plasma optical emission spectrometry (ICP-OES) and atomic absorption spectrometry (AAS), control experiments that were performed with asphaltene, which was also found to contain vanadium and nickel in similar concentrations as AO, indicated that the trace metals did not significantly influence the catalytic activity.
To determine the fate of AO after the aforementioned transformations and to assess its recyclability, the catalyst was collected after an etherification reaction with benzyl alcohol and then re-used. Due to its low solubility in organic solvents, AO was conveniently recovered by filtration in yields of up to 95%. Although the recovered AO exhibited a lower C/O ratio than that measured for the starting material (14:1 vs. 7:1, respectively; see Supplementary Table 7) , IR signals assigned to hydroxyl and carbonyl stretching frequencies were retained (see Supplementary  Fig. 3 ). The recovered material was successfully and repeatedly used over multiple cycles to facilitate condensations with minimal loss in activity (see Supplementary Table 6 ). For example, benzyl ether was obtained in a 70% yield from benzyl alcohol using a catalyst that was subjected to five (5) Fig. 3 Chemical tests used to quantify the functional groups displayed on GO and AO The starting material shown in the center represents a truncated form of GO or AO and features pendant carboxylic acid, hydroxy, and epoxide groups. Using the reagents shown, the carboxylic acid groups were converted to esters, the hydroxyl groups were converted to carbamates, and the epoxide groups were ring-opened. In all cases, the corresponding products feature cyano groups (CN) that could be quantified using IR spectroscopy as well as elemental analyses Table 2 and  Supplementary Table 3) (conditions per cycle: 10 wt% cat. loading, 150°C, and 3 h); for comparison, a yield of 80% was obtained after the first cycle.
Claisen-Schmidt condensations. Building on these results, we next explored the use of AO in other acid-catalyzed condensations 26 . Efforts were directed toward Claisen-Schmidt-type reactions to obtain chalcones, which are valuable products that commonly form the basis of many pharmaceutical agents 27 . As summarized in Table 3 , condensation of various benzaldehydes and acetophenones, including electron-rich and electron-deficient derivatives, afforded the expected products in good yields (up to 78%; see Table 3 , entries 1-5). Considering that the mechanism of the Claisen-Schmidt-type reaction entails dehydration, we explored the ability of AO to catalyze multiple transformations in tandem. After discovering that phenylacetylene underwent hydration in high yields (86%) when treated with AO at 100°C for 24 h (see Supplementary Table 9 ), efforts were directed toward the coupling of terminal alkynes with aldehydes. We reasoned that the water formed upon condensation may hydrate the alkynes in situ and the resulting ketones may then undergo further reactions. To confirm our hypothesis, equimolar quantities of phenylacetylene and an electron-rich or deficient benzaldehyde were heated in the presence of AO. The aforementioned substrates underwent tandem-hydration-aldol condensation and the expected chalcone products were obtained in reasonable isolated yields over the two steps (up to 48%; see Table 3 , entries 6-8).
Metal-free C-C cross couplings. Next, our efforts with AO were directed toward catalyzing C-C cross coupling reactions which have historically been accomplished with the aid of metal catalysts, such as those based on palladium and/or copper 28 . Acidic carbon-based materials, including GO 7, 8 , have also been shown to be effective in facilitating C-C bond forming reactions with certain substrates. For example, xanthene is prone to oxidation in air and the resulting species can be converted to a xanthenyl cation via a GO-catalyzed dehydration, enabling nucleophilic attack 29 . As summarized in Table 4 , AO was found to be an effective catalyst for coupling veratrole to xanthene. In general, the results obtained using AO were found to be competitive to those reported for GO under similar conditions and catalyst loadings. Moreover, good yields of the coupled product were obtained in the presence or absence of co-catalysts (e.g., tosylic acid monohydrate; TsOH·H 2 O) that are commonly used in such transformations.
Exploring the origins of catalyst activity. The effects of elemental composition, catalyst loading, and particle size on catalytic activity 30 were deconvoluted and compared to the results obtained from analogous experiments using GO 18 . We selected the cross-coupling chemistry described above as the basis for the analysis because AO and GO operated in a similar manner. The particle sizes of GO and AO employed in these experiments were measured to be 1400 nm and 40 nm, respectively, using dynamic light scattering (DLS). Since using identical quantities (20 mg) of AO or GO afforded similar yields of the same cross-coupled product, (9-(3,4-dimethoxyphenyl)-9H-xanthene), (63% vs. 66%, respectively; lit. 7 67%), we concluded that particle size and catalyst loading were not key determinants of reaction performance. However, a positive correlation between elemental composition and catalytic activity was observed. Although the C/O ratios of GO and AO were measured to be 1.5 and 6.7, respectively, the latter afforded a higher yield of product (27% vs. 63%) when the loadings of the catalyst were normalized to their respective oxygen contents (see Supplementary Table 10 ). Similar outcomes were obtained when the reactions were performed without added co-catalyst (16% vs. 40%). Thus, we concluded that the activities displayed by these catalysts were not defined exclusively by their absolute oxygen content and attribute the enhanced activity displayed by AO to its relatively high C/O ratio.
Microwave enhanced chemistry. While GO has garnered extraordinary interest as a carbocatalyst, its utility can be restricted. For example, it is widely known that GO undergoes rapid and extensive reduction upon exposure to elevated temperatures and/ or microwave irradiation 31, 32 and, in some cases, it has been reported to explode under such conditions 33 due to the formation of gaseous byproducts, including CO 2 , CO, and H 2 O. Indeed, a Unless otherwise noted, all reactions were performed with benzyl alcohol using the indicated catalyst loading and temperature for 3 h (see Supplementary Table 4 for reaction time optimization) b Conversion of benzyl alcohol to benzyl ether or benzaldehyde was calculated by 1 H NMR spectroscopy against a standard (18-crown-6) c 10 wt% AO and 0.1 mL of pyridine despite the prevalence of microwave enhanced chemistry 34 , safety concerns may have stymied the exploration of the utility carbocatalysts in such capacities. Since AO can be considered as a truncated analog of GO with a lower oxygen content and a smaller size, we reasoned that such a material may be more amenable and safer for utilization in microwave-assisted reactions. When a mixture of benzyl alcohol and AO were exposed to microwave irradiation, an increase in conversion of benzyl alcohol to benzyl ether as well as a decrease in reaction time was observed when compared to an analogous thermal reaction. For example, benzyl ether was obtained in a 90% yield from benzyl alcohol within 15 min when the condensation was conducted in a microwave reactor (see Supplementary Table 11) ; for comparison, 3 h was required when the same reaction mixture was heated in a oil bath (150°C). Microwave irradiation also enabled expansion of the scope of suitable substrates (see Supplementary Table 12 ). For example, 4-methoxy benzyl alcohol was successfully converted to its respective ether in good yield (80%) under microwave conditions whereas product formation was not observed at elevated temperatures. Similar to GO, which is known to undergo reduction upon microwave irradiation 35 , a decrease in the oxygen weight percentage of AO was observed after it was used in a microwave reaction (c.f., 13.1% in the starting material to 9.3% in the recovered catalyst).
Regardless, the recovered AO retained its activity and was successfully used to facilitate microwave-promoted etherification over multiple cycles (see Supplementary Table 13 ). For comparison, subjecting benzyl alcohol to GO under similar conditions afforded benzyl ether and benzaldehyde in 53% and 6% yield, respectively. The oxygen content of the GO underwent significant reduction (from 42.5 to 9.3 wt%) and a large material expansion was observed (see Supplementary Fig. 4) .
To further explore the potential of microwave-assisted carbocatalysis, the Fischer indole synthesis, a reaction commonly employed to prepare biologically active heterocycles, was selected 36 . As shown in Fig. 4 , condensation of phenylhydrazine with cyclohexanone afforded the corresponding annulated indole in 44% isolated yield after 1 h at 100°C under microwave irradiation. For comparison, 18 h were required to obtain the same yield of product in a conventional reactor at the same temperature. An improved yield of 62% was achieved when the reaction was conducted at 150°C in a microwave reactor.
Discussion
It was demonstrated that an oxidized form of asphaltene, an inexpensive petroleum byproduct, may be used to promote chemical transformations. Indeed, AO was found to be an effective carbocatalyst for a wide range of condensations, polymerizations, cross-couplings, cyclizations and other useful synthetic reactions. Asphaltene oxide functions primarily as an acid catalyst, whereas other carbocatalysts, including GO, often facilitates a range of reactions that can be non-discerning and thus affords mixtures of products through competing mechanisms (i.e., oxidation vs. dehydration). Moreover, due to its relatively small size and unique composition, AO was successfully used in a microwave reactor, the first example of its kind for a carbocatalyst, and a series of reactions were found to be significantly promoted under such conditions. The results described herein (i) establish asphaltene oxide and potentially other truncated forms of oxidized carbons as effective catalysts for facilitating chemical reactions and (ii) demonstrate that the unique structure and composition of AO enable applications that have hitherto not been possible with other oxidized carbons reported in the literature.
Methods
General considerations. All reagents were purchased from Sigma Aldrich, AlfaAesar, TCI or Acros Organics, and used as received. Asphaltene (blown asphalt 5-10) was kindly supplied by Korea Petroleum. Unless otherwise noted, all experiments were performed under ambient conditions. NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer. Chemical shifts are reported in parts per million (δ). All NMR spectra were recorded in CDCl 3 and the residual solvent was referenced to 7.26 ppm. The following abbreviations apply: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. FT-IR spectra were recorded using KBr pellets on a Perkin-Elmer Frontier MIR spectrometer. Elemental analyses were performed using a Thermo Scientific Flash 2000 Organic Elemental Analyzer that was calibrated with 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT). XPS data were recorded over a spot size of 500 μm using an Escalab 250Xi (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a monochromated aluminum Kα source (1486.6 eV). All measurements were recorded at an angle normal to the surface using charge compensation via a combined ion/flood gun operating at a current of 50 μA and an ion voltage of 2 V. Survey spectra were taken at a pass energy of 100 eV (10 scans). Calibration of the spectra was conducted by initially recording the gold 4f 7/2 spectrum of a gold foil. The peak position of the gold 4f 7/2 spectrum was then shifted to 84.0 eV and the shifted value was applied to all subsequent spectra. Polystyrene equivalent molecular weights and polydispersity index (Ð) values were measured by gel permeation chromatography (GPC) using a Malvern GPCmax Solvent/Sample Module. All samples were analyzed using THF as the eluent at a flow rate of 0.8 mL min −1 . Mass spectrometry (MS) data were recorded on a Thermo LCQ Fleet Quadrupole Ion Trap Mass Spectrometer in Atmospheric Pressure Chemical Ionization (APCI) mode (electrospray voltage 3.5 kV). Atomic absorption spectroscopy (AAS) measurements were recorded on an Analytik Jena contraAA 800 D. Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements were recorded on a Varian 700-ES. All 48 a All products were purified using column chromatography. NMR spectra are available in Supplementary Figs . 5-9 b Aldol condensations were performed neat in 1:1 stoichiometry (0.5 mmol each) of ketone and aldehyde using 50.0 mg of AO at 80°C for 16 h c Hydration-aldol condensations were performed neat in 1:1 stoichiometry (0.5 mmol each) of alkyne and aldehyde using 50.0 mg of AO at 100°C for 16 h microwave reactions were conducted using an Anton Paar GmbH-Monowave 300 microwave reactor.
Separation of asphaltene. Asphaltene (10.0 g) was mixed with n-heptane (2.0 L) and then sonicated. The mixture was filtered through a 0.22 μm nylon membrane and washed with n-heptane (0.5 L × 3). The filtered asphaltene particles were collected, dried under vacuum at 80°C for 1 day, and then used without additional purification.
Preparation of asphaltene oxide. A 500 mL jacked reaction flask was cooled to 0°C and then charged with asphaltene (4.0 g), concentrated sulfuric acid (0.1 L), and a stir bar. KMnO 4 (8.0 g) was subsequently slowly added to the flask over 2 h with stirring. The mixture was stirred at 0°C for 15 min and then at 35°C for an additional 3 h. The flask was cooled to 10°C and deionized water (0.8 L) was added slowly to the mixture (CAUTION: this step was found to be exothermic!). The mixture was transferred to a beaker and then a 35% aqueous solution of H 2 O 2 (12.0 mL) was added to the aqueous mixture. The resulting black particles were filtered through a 0.22 μm nylon membrane and washed with 1 M HCl (0.8 L). The particles were then washed with deionized water until the pH of the filtered solution became 6-7. The filtered solids were collected and dried under vacuum at 50°C for 1 day. The final product (3.8 g) was obtained as a black powder.
Identification and quantification of carboxylic acids on AO and GO. A 100 mL Schlenk flask was charged with 50.0 mg of AO or GO, 10.0 mL of CH 2 Cl 2 and a stir bar under an atmosphere of N 2 . The suspension was sonicated in a bath sonicator. After 30 min, 3-cyanobenzyl alcohol (200.0 mg, 1.5 mmol) and 4-(dimethylamino) pyridine (DMAP, 10.0 mg, 0.1 mmol) were added to the flask and the resulting mixture was cooled to 0°C in an ice bath. In a separate flask, N,N'-dicyclohexylcarbodiimide (DCC; 155.0 mg, 0.8 mmol) was dissolved in 5.0 mL of CH 2 Cl 2 . The DCC solution was added dropwise to flask containing AO at 0°C. The combined mixture was stirred at 25°C for 24 h and then filtered. The isolated solids were washed with CH 2 Cl 2 , water and acetone, and then dried under vacuum for 1 day. The final product (51.7 mg), which was termed 'modified AO-1' (mAO-1) or 'modified GO-1' (mGO-1), respectively, was obtained as a black powder and characterized using FT-IR spectroscopy as well as elemental analysis. A new nitrile stretching frequency at 2225 cm −1 was observed in the FT-IR spectrum recorded for the product and the carbonyl signal initially measured in the AO starting material (1700 cm −1 ) shifted to 1650 cm −1 .
Identification and quantification of hydroxyl groups on AO and GO. A 100 mL round bottom flask was charged with 50.0 mg of AO or GO, 10.0 mL of CH 2 Cl 2 and a stir bar. The suspension was sonicated for 30 min in a bath sonicator. Sodium acetate (123.0 mg, 1.5 mmol) and 3-cyanophenyl isocyanate (216.2 mg, 1.5 mmol) were subsequently added, and the resulting mixture was then stirred at 25°C for 24 h. After filtration, the collected solids were washed with CH 2 Cl 2 , water and acetone, and then dried under vacuum for 1 day. The final product (52.3 mg), which was termed 'modified AO-2' (mAO-2) or 'modified GO-2' (mGO-2), respectively, was obtained as a black powder and characterized using FT-IR spectroscopy as well as elemental analysis. The FT-IR spectrum recorded for the product revealed an attenuated hydroxyl stretching frequency (3400 cm −1 ) as well as strong absorptions that were attributed to the nitrile (2225 cm −1 ), amido (3070 cm −1 ), and carbamyl (1550 cm −1 ) groups expected from the condensation product.
Identification and quantification of epoxide groups on AO and GO. A 50 mL flask was charged with sodium hydride (82.0 mg, 3.4 mmol), malononitrile (220.0 mg, 3.3 mmol) and 30.0 mL of THF under N 2 atmosphere. The mixture was stirred for 10 min. A separate 100 mL Schlenk flask was charged with 40.0 mg of AO or GO, 10.0 mL of THF and a stir bar under an atmosphere of N 2 . The suspension was sonicated for 30 min in a bath sonicator. After cooling both mixtures on an ice bath, the malononitrile solution was added dropwise to the AO suspension at 0°C. The resulting mixture was then heated at 60°C for 24 h and then filtered. The collected solids were washed with water, methanol and acetone, and then dried under vacuum for 1 day. The final product (43.7 mg), which was termed 'modified AO-3' (mAO-3), or 'modified GO-3' (mGO-3), respectively, was obtained as a black powder and characterized using FT-IR spectroscopy as well as elemental analysis. The FT-IR spectrum recorded for the product revealed the presence of a signal that was assigned to a nitrile group (2180 cm −1 ). In addition, when compared to the spectrum recorded for the AO starting material, the intensity of the signal assigned to the hydroxyl stretching frequency (3400 cm −1 ) increased while the signal assigned to the epoxide groups (1230 cm −1 ) disappeared upon inspection of the spectrum recorded for the product.
General etherification procedure. A Teflon-capped 8 mL vial was charged with 100.0 mg of benzyl alcohol, 5-20 wt% of AO, 18-crown-6 as a standard, and a stir bar. The vial was sealed under ambient atmosphere with Teflon tape. The vial was then heated to a pre-determined temperature (100-150°C) for 3-12 h. To monitor the extent of the etherification reaction, aliquots were periodically removed and analyzed by NMR spectroscopy. Conversion was determined by integrating protons assigned to the standard (δ 3.69 ppm; s, 24 H) vs. the benzylic protons of benzyl alcohol (δ 4.70 ppm; s, 2 H) and benzyl ether (δ 4.57 ppm; s, 4 H). The products were not isolated. Supplementary Fig. 11 for the corresponding NMR data heated at 200°C for 24 h. The resulting mixture was cooled to room temperature and then filtered to remove the catalyst using CH 2 Cl 2 . The filtrate was concentrated and poured into excess methanol. The precipitate was collected and dried under vacuum (66% yield). Spectroscopic data were in accord with literature reports 23 .
General aldol condensation procedure. A Teflon-lined 8 mL vial was charged with 0.5 mmol of acetophenone, 0.5 mmol of aldehyde, 50.0 mg of AO, and a stir bar. The vial was sealed under ambient atmosphere with Teflon tape. The vial was heated at 80°C for 16 h. The resulting mixture was cooled to room temperature and then filtered to remove the catalyst using CH 2 Cl 2 as the filtrate. Subsequent collection of the filtrate followed by evaporation of the residual solvent afforded the crude product, which was further purified using column chromatography (ethyl acetate: n-hexane, 1:9 v/v as eluent). Spectroscopic data were in accord with literature values 37 .
General hydration-aldol condensation procedure. A Teflon-capped 8 mL vial was charged with phenylacetylene (51.1 mg, 0.5 mmol), 0.5 mmol of aldehyde, 50.0 mg of AO and a stir bar. The vial was sealed under ambient atmosphere with Teflon tape. The vial was heated at 100°C for 16 h. The resulting mixture was cooled to room temperature, and then filtered to remove the catalyst with the aid of CH 2 Cl 2 . The filtrate was collected, the residual solvent was evaporated, and the crude product was purified using column chromatography (ethyl acetate: n-hexane, 1:9 v/v as eluent). Spectroscopic data were in accord with literature values 37 .
General C-C cross coupling procedure. Microwave-promoted etherification procedure. A Teflon-capped 10 mL microwave vial was charged with 100.0 mg of benzyl alcohol, 10 wt% of AO, and a stir bar. The vial was then microwaved at 150°C for 5-30 min. To monitor the extent of the reaction, aliquots were periodically removed and analyzed by NMR spectroscopy against an external standard (18-crown-6). Conversions were determined by integrating protons attributed to the external standard (δ 3.69 ppm; s, 24 H) vs. the benzylic protons of benzyl alcohol (δ 4.70 ppm; s, 2 H) and benzyl ether (δ 4.57 ppm; s, 4 H).
Microwave-promoted Fischer indole synthesis procedure. A Teflon-capped 10 mL microwave vial was charged with phenylhydrazine (129.8 mg, 1.2 mmol), cyclohexanone (98.2 mg, 1.0 mmol), AO (100.0 mg), water (2.0 mL) and a stir bar. The vial was then microwaved at 150°C for 1 h. The resulting mixture was cooled to room temperature and then filtered to remove the catalyst. After the filtrate was extracted with water and CH 2 Cl 2 , the organic phase was dried over MgSO 4 and then purified using column chromatography (ethyl acetate: n-hexane, 1:9 v/v as eluent) to afford the desired product in 62% yield. Spectroscopic and analytical data were in accord with literature values 38 Data availability
